The sequential changes that occur during the precipitation on mild heating of the unstable hemoglobins, Hb Christchurch, Hb Sydney, Hb Köln, and Hb A, were examined with particular attention to the possibility of an accompanying oxidative process. Hb Christchurch, Hb Sydney, and Hb A precipitated with equal amounts of a-and b-chains and full heme complement. Hb Köln, however, was one-half hemedepleted and showed a slight excess of precipitated b-chains. In all cases the spectrum of the precipitated material was typical of a hemichrome. There was no evidence that sulfhydryl oxidation contributed to the precipitation process. Reduced glutathione was unable to protect the hemoglobin against precipitation, and mixed disulfide formation between the precipitating hemoglobin and glutathione was insignificant, even in the presence of excess glutathione. No blockade of b93 cysteines could be demonstrated in the unstable hemoglobins.
A B S T R A C T The sequential changes that occur during the precipitation on mild heating of the unstable hemoglobins, Hb Christchurch, Hb Sydney, Hb K6ln, and Hb A, were examined with particular attention to the possibility of an accompanying oxidative process. Hb Christchurch, Hb Sydney, and Hb A precipitated with equal amounts of a-and A-chains and full heme complement. Hb K6ln, however, was one-half hemedepleted and showed a slight excess of precipitated 13 -chains. In all cases the spectrum of the precipitated material was typical of a hemichrome. There was no evidence that sulfhydryl oxidation contributed to the precipitation process. Reduced glutathione was unable to protect the hemoglobin against precipitation, and mixed disulfide formation between the precipitating hemoglobin and glutathione was Heinz bodies occurs in hemolytic anemias associated with the unstable hemoglobins. The defect in these unstable hemoglobins usually involves important internal bonding amino acids, particularly those forming bonds with the heme group. The reason for the instability of the hemoglobin is therefore quite well understood at the molecular level, but there is still a lack of knowledge of the changes occurring during precipitation and the ultimate cause of hemolysis (1) (2) (3) .
The similarity to events observed in the oxidative hemolytic anemias has led to proposals that the precipitation of the unstable hemoglobins is accompanied by oxidative changes. The oxidative hemolytic anemias arise either from formation of excess oxidizing products (as with acetylphenylhydrazine administration) or from breakdown of protective mechanisms against oxidants (as in glucose-6-phosphate dehydrogenase deficiency). In either case, the end result is the same as with the unstable hemoglobins; the precipitation of hemoglobin, the formation of Heinz bodies, and hemolysis. In the case of the oxidative hemolytic anemias, the presence of free oxidants as well as precipitated hemoglobin could pose a direct threat to the cell membrane.
Two proposals have been made that could explain similar oxidative effects in the unstable hemoglobin hemolytic anemias. Jacob (4) has put forward a general mechanism of Heinz body formation based on sulfhydryl oxidation that has received support in other reviews (5, 6) . He (11) . Sulfhydryl groups were measured with 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB) as described by Ellman (12) . Available Brown and Hartley (14) . Native hemoglobin and hemoglobin with cysteine bound to p93 cysteines were subjected to the same procedure.
Molecular weights of polypeptides were determined by polyacrylamide gel electrophoresis in the presence of SDS, in 0.1 M Tris-citrate buffer, pH 6.8 (10.3 g citric acid, 6 .2 g Tris, 1 g SDS, 97.5 ml N NaOH to 1 liter). Gel and sample preparation were as described by Weber and Osborn (15) Sulfhydryl group oxidation. Hb K6ln from two sources was purified, and in each case none of the six sulfhydryl groups was found to be blocked (Table II) . Analyses of whole hemolysates containing Hb Christchurch or Hb Sydney indicated that these hemoglobins also contained the normal number of sulfhydryl groups.
Although the abnormal hemoglobins made up only 20-30% of the total, the results would be significantly lower if two of their sulfhydryl groups had been blocked.
Heat precipitation of each hemoglobin was accompanied by oxidation of 1.6-2.7 of its six sulfhydryl groups (Table III) . With Hb Koln it is possible that there were more free sulfhydryl groups in the material that precipitated first, but with the other hemoglobins, the amount of oxidation was independent of the length of incubation, and in the case of Hb A, of the incubation temperature. No decrease in sulfhydryl groups in the soluble hemoglobin could be detected, even after extended periods of incubation. The oxidized sulfhydryl groups could be reduced again by reacting the precipitate dissolved in SDS with dithiothreitol, indicating that oxidation to disulfides had occurred.
Thlc nature of the disulfidc bonds in precipitated hceioglobin. Heat-precipitated hemoglobin from fresh hemolysates was oxidized with performic acid and examined electrophoretically for the presence of low molecular weight thiols that could be present as mixed disulfides. No glutathione sulfonic acid or other small Fig.  2 . Staining with o-tolidine/peroxide, which is specific for heme-containing proteins, gave essentially similar patterns except that band X did not stain. In contrast to normal hemoglobin (Fig. 2a) , which was dissociated into subunits and ran as a single band with molecular weight about 17,000, both precipitates gave patterns in which this band was the major component, but a series of bands with increasing molecular weights were also present (Figs. 2b, c, and d) Bands are identified in Fig. 2 . Molecular weights were estimated by comparing mobilities with those of standard proteins. Distributions were determined by eluting the stained gels. Figures in brackets refer to the number of analyses performed.
gave a similar electrophoretic pattern (Fig. 2f) . This pattern was obtained for ghosts prepared from cells containing Hb Christchurch incubated at 37°C for 2 days and containing 48 large Heinz bodies/100 cells. Heinz body proteins were present in sufficiently large amounts for ghost proteins to be scarcely visible. Some high molecular weight ghost proteins that were too large to penetrate the gel can be seen.
The relative amounts of the different polypeptides (apart from band X) were similar for Hb Christchurch and Hb A, and were independent of incubation time (Table IV) . The molecular weights of the bands were consistent with their being monomers, dimers, trimers, tetramers, and higher polymers of the polypeptide chains of hemoglobin. After treatment of the redissolved precipitated hemoglobin with mercaptoethanol to reduce disulfide bonds, almost all the bands corresponding to polymers were eliminated, to leave only the monomer band (Fig. 2e ).
The protein with molecular weight about 40,000 (band X) was almost entirely precipitated from hemolysates by heating at 60'C for 10 min, and was not reduced by mercaptoethanol. It tic digests of each hemoglobin fraction were examined visually for relative proportions of a-and P-peptides. As shown in Fig. 3 , monomers of Hb Christchurch appeared to give slightly more a-chain than P-chain peptides, and dimers gave considerably more B-peptides.
With the polymers, 9-peptides appeared in even greater excess. Similar patterns were obtained for Hb A. These observations were substantiated by quantitative analysis (Table V) . Effect of reduced glutathione on heat precipitation of hemoglobin. Rates of precipitation of Hb Christchurch, Hb Sydney, and Hb A were little affected by the presence of GSH, ard there was no difference in numbers of sulfhydryl groups oxidized (Table VI) We also found that chromatographically purified Hb Koln lacked two heme groups, presumably from the P-chains. Although altered hemoglob n binding may be a general phenomenon, only in some cases does it appear to result in actual dissociation of the heme groups. In a previous report on the constitution of Heinz bodies from Hb Christchurch, we suggested a mechanism of Heinz body formation in which the intact, unstable hemoglobin precipitates rather than only the abnormal chain (21) . The present findings of similar quantities of the a-and P-polypeptide chains in each heat precipitate and the lack of accumulation of soluble free a-chains during heating of Hb Koln and Hb Christchurch suggest that these hemoglobins precipitate on heating by a similar mechanism. Further support comes from the finding of equivalent amounts of each chain in precipitates of another unstable hemoglobin, Hb Abrahaim Lincoln (22) . Jacob (4) has alternatively proposed that only the abnormal chains precipitate without heme groups. We have found no evidence for this with Hb Christchurch, Hb Sydney, or Hb A. However, with Hb K6ln, although peptide maps of heat precipitates showed similar proportions of both chains, earlier precipitates contained fewer heme groups and possibly more sulfhydryl groups than later ones, which could indicate initial precipitation of mainly P-chains. This mechanism may be more significant for Hb Koln stored cold. We noted an increase in free a-chains in solutions stored under these conditions. It remains to be demonstrated which mechanism is more representative of the denaturation of Hb K6ln in the red cell.
In addition, our results generally favor concurrent precipitation of both chains rather than dissociation and precipitation of the unstable P-chains, followed by precipitation of the a-chains. Firstly, the constitution of precipitates appeared to be independent of incubation time. Secondly, the relative amounts of a-and P-chains in the monomers and disulfide-bonded polymers of precipitated Hb A and Hb Christchurch were essentially the same. Also a-chains that contain only one cysteine must have been bound to 8-chains to give trimers and larger aggregates, and therefore the chains must have precipitated together. Potassiutm ferricyanide sufficient to oxidize oxyHb to metHb was added and the excess removed on a Sephadex G25 colutmn.
Additional ferricyanide was added as indicated.
Denaturation of Unstable Hemodlobins
Spectral examination of heat-precipitated Hb Christchurch, Hb Kd1n, and Hb A dissolved in 6 M urea suggested that the heme groups were present as hemichromes. Although methemoglobin dissolved in 6 M urea gradually converts to hemichrome, this occurs too slowly for the hemichromes to have arisen from this source. Hemichromes have also been demonstrated in the intracellular fl-chain inclusions in a-thalassemia (23), and
Rachmilewitz and White (24) have reported the formation of hemichromes in cold solutions of methemoglobin Koln. We were not able to detect soluble hemichromes during hemoglobin precipitation. This is likely to be due to their instability in solution (18) , and the relative insensitivity of spectral analysis which would not detect low levels.
Oxidation of the P93 sulfhydryl groups has been proposed as an important factor in the precipitation of unstable hemoglobins, and it has been reported that in some unstable hemoglobins, particularly Hb K6ln, the P93 cysteines are blocked, possibly by forming mixed disulfides with glutathione (25) (26) (27) . However, we could detect no blockage of P93 cysteines either in two preparations of Hb K6ln purified from different sources, or in hemolysates containing Hb Christchurch or Hb Sydney. The apparent finding by others of sulfhydryl oxidation may be explained by an unpublished result we obtained using a broad chromatographic peak containing Hb K6In, which had subsequently been allowed to stand for 10 days. This gave a substantial decrease in available sulfhydryls, but chain separation showed that this was due to a marked excess of a-chains. Correction for the changed a: P ratio showed that no sulfhydryl oxidation had occurred. We also found that precipitation of the unstable hemoglobins and Hb A was accompanied by oxidation of approximately two of the six sulfhydryl groups, but the disulfide bonds formed were almost entirely within or between hemoglobin molecules. Bonding to small molecules, such as GSH, was insignificant. Even when precipitation was carried out in the presence of high concentrations of GSH, there was a little mixed disulfide formation, but by far the majority of the binding was internal. It is therefore our view that coupled oxidation of GSH and unstable hemoglobins does not occur to any great extent. It is probable that any mixed disulfides arose through exchange with GSSG rather than coupled oxidation with GSH. Other workers (28) have found the exchange mechanism to be more significant. Therefore, in the red cell where GSSG levels are low, mixed disulfide formation should be minimal.
Polyacrylamide gel electrophoretic patterns of precipitated Hb Christchurch and Hb A, consisting of single a and P-polypeptide chains plus decreasing amounts of disulfide-bonded dimers and higher polymers of predominantly P-chains, demonstrate nonspecific disulfide bonding between all three sulfhydryl groups of the hemoglobin. Had there been specific oxidation of the P93 cysteines, only a-chain monomers and P-chain dimers would have been formed. With polymerized a-chains being clearly demonstrable, and the existence of higher aggregates than dimers, some oxidation of P93, P112 and a104 cysteines must have occurred. It is unlikely that there could have been oxidation of a specific sulfhydryl group on precipitation of the hemoglobin with subsequent randomization before analysis. Precipitates were analyzed immediately after preparation and were exposed only to media with pH less than 7, at which disulfide exchange is very slow. It was also found with redissolved precipitates that full exchange of the disulfides with mercaptoethanol took several hours at pH 8. The nonspecific nature of the sulfhydryl oxidation is supported by the finding of several minor peptides, rather than one major peptide containing cysteic acid, on diagonal electrophoresis of carboxymethylated heat-precipitated hemoglobin.
The absence of sulfhydryl oxidation on precipitation of deoxyhemoglobin, or methemoglobin and isolated globin, even in the presence of molecular oxygen, compared with the oxidation of approximately two sulfhydryls in oxyhemoglobin and carboxyhemoglobin, suggests that oxidation is a by-product of the breakdown of certain ligands. Methemoglobin is a probable intermediate in the precipitation of oxyhemoglobin, and it has been postulated that the superoxide free radical (02-) is formed in this reaction (29) . Carboxyhemoglobin in air could either precipitate via an oxyhemoglobin intermediate or else could give rise to the CO radical on oxidation (29) . The observed sulfhydryl oxidation could be explained by the role of these groups as scavengers of free radicals. This suggests that sulfhydryl oxidation is an incidental accompaniment rather than fundamental cause of precipitation. This conclusion is also supported by the precipitation of methemoglobin, which is considerably less stable than oxyhemoglobin, without forming disulfides, and in particular by the finding that the presence of small amounts of ferricyanide in methemoglobin solutions results in sulfhydryl oxidation but does not increase the rate of precipitation. The oxidation of an additional two sulfhydryl groups on precipitation of oxyhemoglobin in which the P93 cysteines were bound to glutathione shows that precipitation does not necessarily occur when a certain number of sulfhydryls are oxidized and also favors the idea that disulfide formation may represent the mopping up of an oxidizing agent, such as superoxide, formed during the precipitation process.
Our results support the conclusions of Rachmilewitz, Peisach, Blumberg, and others (18, 23, 24, 30) that the precipitation of unstable hemoglobins is generally a result of the formation of irreversible hemichromes. These workers have shown that in the process of denaturation, hemoglobin first forms a reversible hemichrome, in which the heme iron forms a covalent bond with the nitrogen of the distal histidine, followed by formation of an irreversible hemichrome, in which the bond is to another amino acid side chain. The increased molecular flexibility of the unstable hemoglobins will accentuate the folding and unfolding processes that the normal molecule undergoes, increasing the likelihood of the molecule being trapped as a hemichrome in an unfolded or denatured state, and thus leading to precipitation. Rachmilewitz and White (24) have interpreted their finding of hemichrome formation by Hb Kdln as evidence for dissociation of a-and P-chains. However, we feel that any alteration to the molecular conformation that allows greater flexibility about the heme group could accelerate hemichrome formation, and that the structural changes in the unstable hemoglobins could be sufficient without the additional requirement of subunit dissociation.
It is probable that with Hb Christchurch and Hb Sydney, it is hemichrome formation by the affected P-chains that leads to precipitation. However, with Hb K6ln, which is substantially present as the heme depleted a he P"2' it is likely that precipitation follows formation of hemichromes by the a-chains. The a-chain is particularly susceptible to hemichrome formation (30) . With the loss of heme from the P-chain imposing a strain on the aP-dimer interface and consequently distorting the a-chain, this tendency will be increased. Evidence for this is the stabilization of Hb K6ln and heme depleted Hb A (a2hemep2o) by carbon monoxide and cyanide (19) , both of which must react with the a-chain hemes.
The inability of GSH, either in combination with GSH peroxidase or as a direct competitor with protein sulfhydryl groups, to reduce precipitation of the unstable hemoglobins or Hb A contrasts with the protective role of GSH when hemoglobin is exposed to acetylphenylhydrazine (31) On the basis of these results, it is possible to propose a mechanism for the events that accompany the precipitation of unstable hemoglobins on mild heating. In a number of ways this process has been shown to be similar to the intracellular precipitation of hemoglobin to form Heinz bodies: the microscopic appearance of heat precipitates and Heinz bodies is very similar (27) We propose that Fig. 4 describes the events accompanying the precipitation of the hemoglobins we have examined, and may represent a more general mechanism.
The structural defects of the unstable hemoglobins should result in increased flexibility about the heme group (1). This will facilitate conversion to methemoglobin and the sequential formation of a reversible hemichrome (hemichrome 1), and then an irreversible hemichrome (hemichrome 2), with resulting precipitation. This may proceed directly, as with Hb Christchurch and Hb Sydney, or may be preceded by partial heme loss, as with Hb Koln. In addition, dissociation and precipitation of heme-depleted abnormal chains may be significant for some hemoglobins. It is postulated that superoxide is normally produced on autoxidation of oxyhemoglobin and is detoxified in the cell by the superoxide dismutase (33) and glutathione peroxidase systems. When there is distortion of the molecule to give a hemichrome, the superoxide may not be released as usual but may react with the precipitating protein and cause the consistently observed oxidation of two sulfhydryl groups. If these events occur in the circulating red cells, aggregation of this precipitated hemoglobin would give rise to Heinz bodies. These would migrate to the cell surface (34) , where they become attached by hydrophobic interactions (32) . Probably their physical presence, which reduces the deformability of the cell and leads to splenic entrapment and pitting (35, 36) , is the ultimate cause of the accompanying hemolytic anemia.
